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* The strong CP problem: a short review

* Types of axion models, and the QCD axion
* Dark Matter from axion misalignment
* The window for preferred hadronic axion models

*Experimental searches
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The strong CP problem

*CP is expected to be violated in QCD:

. 1 1 vV rya OZS vV a
Lacp = ) (i —mge'’) q — 7 G Gy, — 0—GLr Gy,
q
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The strong CP problem

*CP is expected to be violated in QCD:
— /. 10, 1 vV va Qs v a
Lqcp :zq:q(zlﬁ—mqe )q— ZGZ’ GW—HS—WGZ G,

*Only the difference ¢=6-6, has physical meaning

g — e15% — 0, > 0,420 and 9042
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*CP is expected to be violated in QCD:

Locp = Zq i) — mee'’t) q — —GWG;;,, —h2GrrGe,

ST

*Only the difference 9=6-46, has physical meaning

qg— ei75o‘q 0, — 04 + 20 ahd 6 = 0+ 2

» Change in @) is due to non invariance of path integral measure:

DqgDq — exp (—z’oz / dz —GZWGZV> DqgDq [Fujikawa (1979)]
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A small value problem

* 0# 0 implies a hon-zero neutron EDM i (1979) Crewther etal (1979)]

e 5 m2 _
d, ~ ‘ }3 T~ 10710 ‘6’|ecm
m’n
. . a ~10
‘However, d,<3-10%cem  implying: 6 < 10
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A small value problem

* 0# 0 implies a hon-zero neutron EDM i (1979) Crewther etal (1979)]

€ 5 m2 _
d, ~ ‘ }3 T~ 10710 ‘6’|ecm
mn
. . 7 —10
However, d, <3 10 2ccem implying: 0 < 10

* This is qualitatively different from other small values problems:
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* 0# 0 implies a non-zero neutron EDM e (1979) Crewther etal (1979)]

D 02
Ne‘é"mﬂ

dn,

— ~ 107" || ecm
mn

0 <1071

*However, d,<3-107%%ecm  implying:

* This is qualitatively different from other small values problems:

* Inthe SM () is only log-divergent (at 7 loops !). Finite corrections O(a?)
, [Ellis, Gaillard (1979)]
TH NN Unlike mHZ <« /\ZUV

Fig. 9. Generic topology of a class of divergent CP violating 14 th-order diagrams in the
Kobayashi-Maskawa model [21,22].
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* 0# 0 implies a non-zero neutron EDM e (1979) Crewther etal (1979)]

1 0rs 2
e‘@‘m =
d, ~ . T 2~ 10 16‘9‘ecm
m

L 5 10
‘However, d,<3-10%cem  implying: —% 0 510

* This is qualitatively different from other small values problems:

* Inthe SM () is only log-divergent (at 7 loops !). Finite corrections O(a?)
, [Ellis, Gaillard (1979)]
TH NN Unlike mHZ << /\ZUV

Fig. 9. Generic topology of a class of divergent CP violating 14 th-order diagrams in the
Kobayashi-Maskawa model [21,22].

- Unlike ¥eu,a~107°+10"" it evades explanations based
oh environmental selection [Ubaldi, 0811.1599]
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Three types of solutions
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Three types of solutions

* A massless quark. One exact chiral symmetry: 6 — 0
» From lattice: m,, # 0 by more than 200 [Adki (2013)]

[Manhoar & Sachrajda, PDG(2014)]
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* A massless quark. One exact chiral symmetry: 6 — 0

* From lattice: mqy # 0 by more than 200 [Ackioi3]
[Manhoar & Sachrajda, PDG(2014)]

« Spontaneous CP violation Barr (1984), Nelson (1984)]

e Set ? = () by imposing CP. Need to break spont. for CKM (+BAU)

* High degree of fine tuning, or elaborated constructions to keep
# < 10719 at all orders. No unambiguous exp. signatures.
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* A massless quark. One exact chiral symmetry: 6 — 0

* From lattice: m,, # 0 by more than 200 [roki013)]
[Manhoar & Sachrajda, PDG(2014)]

‘SPOHTGHZOUS CP violation [Barr (1984), Nelson (1984)]

+ Set 5 = () by imposing CP. Need to break spont. for CKM (+BAU)

. tﬁgh degree of fine tuning, or elaborated constructions to keep
# < 10719 at all orders. No unambiguous exp. signatures.

° : . . [Peccel, Quinn (1977),
Peccel-QL“nn SOIUTIO” Weinberg (1978), Wilczek (1978)]

* Assume a global U(1)rq: (i) spontaneously broken; (ii) QCD anomalous
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* A massless quark. One exact chiral symmetry: 6 — 0

* From lattice: m,, # 0 by more than 200 [roki013)]
[Manhoar & Sachrajda, PDG(2014)]

‘SPOHTGHZOUS CP violation [Barr (1984), Nelson (1984)]

+ Set 5 = () by imposing CP. Need to break spont. for CKM (+BAU)

. tﬁgh degree of fine tuning, or elaborated constructions to keep
# < 10719 at all orders. No unambiguous exp. signatures.

° : . . [Peccel, Quinn (1977),
Peccel-QL“nn SOIUTlon Weinberg (1978), Wilczek (1978)]

* Assume a global U(1)rq: (i) spontaneously broken; (ii) QCD anomalous
*Implies a PGB of U(1)rq: the Axion. Shift symmetry: a(z) — a(z) + da f,

) a oF UV Aa 1
£eﬁ‘ = (9 -+ > . G'Z GMV — §a“aﬁua -+ E(a,u,a,, w)

fa

Heff(x)
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* Minimum ground state energy in Euclidean V4

e—V4E(9eff) — /DQO 6_30+i9eff{Gé} — '/DQO 6—50+i9eff{Gé}

< / Do ‘ e—so+ieeﬁ{Gé}) _ o~ViE(0)

[Vafa, Witten (1984)]

where {GG} = g‘_; / d‘z G*@G,,, and using Schwartz inequality

+ S0 E(0) < E(Beff) and in the ground state the 6 term
is dynamically relaxed to O.
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« PQWW axion:
Axion identified with the phase of the Higgs in a 2ZHDM

~ . [Peccel, Quinn (1977),
(fa VEW was qL“Ckly rUIed out Iong 090) Weinberg (1978), Wilczek (1978)]

The need to require fq. > Vew: "invisible axion”

« DSFZ Axion: SM quarks and Higgs charged under PQ.

Requires 2HDM + 1 scalar singlet. SM leptons can also be charged.
[Dine, Fischler, Srednicki (198 1), Zhitnitsky (1980)]

« KSVZ axion (or QCD axion, or hadronic axion):
All SM fields are neutral under PQ. QCD anomaly is induced by
new quarks, vectorlike under the SM, chiral under PQ.

[Kim (1979), Shifman, Vainshtein, Sakharov (1980)]
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» All axion couplings: ~1/fa

The lighter is the axion, the weaker are its interactions

Axion Landscape:
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[Kim, Carosi (2009)]




" Axion CDM from misalignment W
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" Axion CDM from misalignment W

* Aslongas Aqcp <T < fq:
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Axion CDM from misalignment

* Aslongas Aqcp <T < fq:
U(1)rq broken only spontaneously,
Mma = 0, <ap> = B fq ~ fq

V(a)
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* Aslongas Aqcep <T < fq: V(a)

U(1)rq broken only spontaneously,
Ma = 0, <ap> = B0 fq ~ fq

*« Assoonas T ~ Aqep -
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) IV

* Aslongas Aqcp <T < faq:
U(1)rq broken only spontaneously,
Ma = O, <@p> = Bofq ~ faq

V(a)

*« Assoonas T ~ Aqep -

U(1)rq explicit breaking (instanton effects)
Ma(T) Turns on. When mqo(T) > H ~ 10 eV,

<ap> —> 0 and starts oscillating undamped
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* Aslongas Aqcp <T < faq:
U(1)rq broken only spontaneously,
Ma = O, <@p> = Bofq ~ faq

V(a)

*« Assoonas T ~ Aqep -

U(1)rq explicit breaking (instanton effects)
Ma(T) Turns on. When mqo(T) > H ~ 10 eV,

<ap> —> 0 and starts oscillating undamped

* Energy stored in oscillations behaves as CODM
[Preskill, Wise, Wilczek (1983), Abott, Sikivie (1983), Dine, Fischler (1983)]

E. Nardi (INFN-LCNF) -"Redefining the axion window




Energy density & initial conditions
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Energy density & initial conditions

. . Bonati et al. I512.06/46, Pet ky et al. 1606.03145,
*From recent lattice QCD calculations, E;Zjn'y?efaL oeorsa o

for 6o = O(1) upper limit fo = 1012 GeV
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Energy density & initial conditions

. . Bonati et al. |512.06/46, Pet ky et al. 1606.03145,
*From recent lattice QCD calculations, [Boi;‘jn';ef L e0eoTaoa

for o = O(1) upper limit fq = 1012 GeV

1014:=

+ Value of B0 depends on the scale of inflation 4=

(GeV)
my (uev)

versus the PQ breaking scale fa

CtS

f

10}

— U(1)pq broken after inflation: average over |
10t}

several Universe patches : < B> = T/ J3

— U(1l)rq broken before inflation: in the
whole observable Universe the same random value of 6o

— “Antropic Axion": fq>> 10%2 GeV is allowed only if 8p<< 1
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Astrophysical lower limit on fq

° ASTI"OPhYSICCl' bounds [For a collection see e.g. Raffelt, hep-ph/061 | 350]
- Star evolution, RG lifetime ~ Javy S 6.6 x 107 GeV™!
- White dwarf cooling Jace S 1.3 x 1077 GeV ™
- Supernova SN1987A gann $3x 1077 GeVTH —» fa 22 x10° GeV
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New search strategies

° AST["OPhYSlCC(I bounds [For a collection see e.g. Raffelt, hep-ph/061 1350]
- Star evolution, RG lifetime Jayy S 6.6 x 1071 GeV™!
- White dwarf cooling Jaee 1.3 x 1072 GeV ™!
- Supernova SN 1987A gann S3x 1077 GeV!H —> fa ,Z 2 x 10° GeV

* Some new search possibilities which do not depend on g,

- Cosmic Axion Spin Precession Experiment (CASPEr). [Budker et al, 1306.6089]

Background axion field might induce an oscillating neutron EDM, which can be detected
via NMR techniques.

- Black hole super-radiance (mainly bounds for ALPs) [Arvania Dubovsiy 10045558

very light axions with a Compton wavelength comparable with that of a black hole can
form a gravitational bound state and irradiate energy via gravitational waves
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The “usual” axion window

S RAALL A AL L AL AL B S R L R AL H/\/M%
1077 Helioscopes =
,g-10_CAST p
= 5 e
LT oaxo e
O i E i
O 107° R es E
e - | - , =
= - ! Axion models B
& L -13 I 2 4

3107 ADMX [ 3
— F |
10714 | =
107"
—167 \ HHM/ Lol \;,K\JHM/ IR R Rt RS A T1T| A AT IT R ARl . \HH;

10°® 107 10° 10° 10™* 102 102 100 1 10

M, [eV]

My 2.0 E
- = 1.9
97 =6V 1010 GeV (N )

|[E/N — 1.92| € [0.07,7]

[Particle Data Group (since end of 90s).
Chosen to include some representative
models from: Kaplan, NPB 260 (1985),
Cheng, Geng, Ni, PRD 52 (1995),

Kim, PRD 58 (1998)]
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Hadronic axions (KSVZ)

* Field content KSVZ

Field |Spin|SU(3)c |SU(2). |U(1)y |U(1)pg
QL 1/2 CQ IQ yQ XL
QR 1/2 CQ IQ yQ Xr
P 0 1 1 0 1

[Kim (1979), Shifman, Vainshtein,
Sakharov (1980)]

E. Nardi (INFN-CNF) -'Redefining the axion window



Hadronic axions (KSVZ)

- Field content KSVZ [Field[Spin[SUB)C [SUR):[U My [U(rg]|  [Kim (1979), Shifman Vainshtein,

Qr | 1/2 Co o Yo X Sakharov (1980)]

Qr |1/2| Cq g Ya Xr
0 1 1 0 1

* PQ charges carried by SM-vectorlike quarks Q = QL+ Qr

- Original model assumes Q ~ (3,1,0) [only ¢, + I is in fact required].

However in general:

N . N =Y (XL —Xg) T(Co)
Olg ~ Qo
O J, @ = GG+ —F F ¢ } anomaly coeff.

E=) (X, —Xg) Q5
Q
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Hadronic axions (KSVZ)

- Field content KSVZ [Field[Spin[SUB)C [SUR):[U My [U(rg]|  [Kim (1979), Shifman Vainshtein,

Q. [1/2] Cq 7o | Yo | Az Sakharov (1980)]

Qr |1/2| Cq g Ya Xr
0 1 1 0 1

* PQ charges carried by SM-vectorlike quarks Q = QL+ Qr

- Original model assumes Q ~ (3,1,0) [only ¢, + I is in fact required].

However in general:

N . N =Y (XL —Xg) T(Co)
Olg ~ Qo
O J, @ = GG+ —F F ¢ } anomaly coeff.

E=) (X, —Xg) Q5
Q

® and by SM singlet & containing the “invisible" axion  (Va > vew)

D(r) = —

7 +Va 6’ia(az)/Va
\/i[p( ) + Vo
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Hadronic axions (KSVZ)

* Field content KSVZ [Field|[Spin|SUB)c[SUR)L[UQ)y [U(1)pg| [Kim (1979), Shifman, Vainshtein,
Q. 12| Co 7o | Yo | Az Sakharov (1980)]
Qr | 1/2| Co To | Yo | &g
d | 0 1 1 0 1

* Generic QCD axion Lagrangian: Lo =Lsm+Lpq — Ve + Lo  |X, — Xg| =1

- Lpq =10,01" + QiPQ — (yo QLQrP® + He.)  w—fp  mq =1yoVa/V2

- Vio = —p3|®)" + Ao |®|* + Apo|H|?|®|? ety My, ~ Vo

- LQq: d < 4 couplings to SM quarks, depend on Q-gauge quantum numbers,
but apparently also on their PQ charges
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Accidental symmetries
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Accidental symmetries

* Symmetries of the gauge invariant kinetic term

yqo # 0
Ul)g, xU(l)grxU(l)e —  U(l)pq xU(1)q

Lpq =10,21* + QiPQ — (yo Q,QrP + H.c.)
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Accidental symmetries

* Symmetries of the gauge invariant kinetic term
£ 0
U()q, xUNanxU()a  ——»  U(l)pq x Ull)g
Lpq =10,21* + QiPQ — (yo Q,QrP + H.c.)

- U(1)qis Q-baryon number. Exact U(1)q = Q stability. [E.g. Q ~ (3,1,0)]
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Accidental symmetries

* Symmetries of the gauge invariant kinetic term
UL)q, xU(1)grxU(1)s y@_#g U(l)pq x U(1)q
Lrq = 10,®° + QiPQ — (yo @ Qr® + H.c.)
- U(1)qis Q-baryon number. Exact U(1)q = Q stability. [E.g. Q ~ (3,1,0)]

-if Log 70 U(l)q x U(1)e is broken to “extended' U(1)s. Q's can decay
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Accidental symmetries

* Symmetries of the gauge invariant kinetic term
UL)q, xU(1)grxU(1)s y@_#g U(l)pq x U(1)q
Lrq = 10,®° + QiPQ — (yo @ Qr® + H.c.)
- U(1)qis Q-baryon number. Exact U(1)q = Q stability. [E.g. Q ~ (3,1,0)]

-if Log 70 U(l)q x U(1)e is broken to “extended' U(1)s. Q's can decay

» All global symmetries broken at least by Planck-scale effects
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Accidental symmetries

* Symmetries of the gauge invariant kinetic term

yqo # 0
Ul)g, xU(l)grxU(l)e —  U(l)pq xU(1)q

Lpq = |0,P" + QiDQ — (yg QLQrP + H.c.)

- U(1)qis Q-baryon number. Exact U(1)q = Q stability. [E.g. Q ~ (3,1,0)]
-if Log 70 U(l)q x U(1)e is broken to “extended' U(1)s. Q's can decay

» All global symmetries broken at least by Planck-scale effects
- Effective operators explicitly breaking U(1)q and U(1)rq:
Loy ~ Can allow Q decays even if Lo, =0
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Accidental symmetries

* Symmetries of the gauge invariant kinetic term
UL)q, xU(1)grxU(1)s y@_#g U(l)pq x U(1)q
Lrq = 10,®° + QiPQ — (yo @ Qr® + H.c.)
- U(1)qis Q-baryon number. Exact U(1)q = Q stability. [E.g. Q ~ (3,1,0)]

-if Log 70 U(l)q x U(1)e is broken to “extended' U(1)s. Q's can decay

» All global symmetries broken at least by Planck-scale effects
- Effective operators explicitly breaking U(1)q and U(1)rq:
Loy ~ Can allow Q decays even if Lo, =0
v 5 o7 -8 Tf N < 10 would spoil the PQ solution

[Kamionkowski, March-Russell (1992), Holman et al. (1992), Barr, Seckel (1992)]
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Enforcing accidental symmetries
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Enforcing accidental symmetries

» Assume a suitable discrete (gauge) symmetry Zy ensuring
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Enforcing accidental symmetries

» Assume a suitable discrete (gauge) symmetry Zy ensuring

1. U(1)rq arises accidentally and is of the required high quality
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Enforcing accidental symmetries

» Assume a suitable discrete (gauge) symmetry Zy ensuring
1. U(1)pq arises accidentally and is of the required high quality

2. U(1)q is either broken at the ren. level, or is of sufficient bad quality
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Enforcing accidental symmetries

 Assume a suitable discrete (gauge) symmetry Zy ensuring

1. U(1)rq arises accidentally and is of the required high quality

2. U(1)q is either broken at the ren. level, or is of sufficient bad quality

* An example with R(Q) ~ R(dr), such that gauge symm. allows

[’Qq # 0
QL — Qr, QR—>wN_1QR, P —wd, Wher-e W= €i27r/N
Zn(q) d<4 d=5 (XL, XR)
1 @LdR @L’YMQL (DMH)T (0,—1)
w Q. dr®T (—1,-2)
w2 - Q.dr®* QrqrH'®| (2,1)
"THGLQrH, QLdr® - (1,0)
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Enforcing accidental symmetries

 Assume a suitable discrete (gauge) symmetry Zy ensuring
1. U(1)pq arises accidentally and is of the required high quality

2. U(1)q is either broken at the ren. level, or is of sufficient bad quality

* An example with R(Q) ~ R(dr), such that gauge symm. allows L, # 0

QL — Qr, QR—>wN_1QR, P —wd, Wher-e W= €i27r/N

Ensures that the min. dimension of ~ 2@ 254 S
. . 1 Qrdr Qrvuqr (D" H) (0,-1)
the U(l)pQ br'eakmg operators in T B ae ——s
Vg>4 Is N. The dim Of the U(I)Q W2 _ Q.dr®?, QuqrHT®| (2,1
breaking opts. depends on Zny(q) " [9:QrH, Qudr® - (1,0)
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Cosmological constraints on 1q

* Strongly interacting long-lived particles are an issue in cosmology

EW interactions 102
out of equilibrium

Big Bang Nucleosynthesis (BBN)

1012

Recombination 10*? CMB radiation

Diffuse y-rays
Age of the Universe 10+ | ey

Excess Universe energy density

Anomalously heavy isotopes
7Qls]

[See e.g.'Non-collider searches for stable massive particles”,
Burdin et al. Physics Reports 582 (2015) |-52]
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Cosmological constraints on 1q

* Assume mq < Treheating (thermal distribution of Q's as initial condition)
Free quark annihilation: excess {0q > {2om would allow to exclude Tq = Tuniv

* At T < Aqcep bound state formation can catalyse annihilations.
E.g. for color triplets: Q*q+Qqq > [Q*Q]+qqq

* However QQ..., QQQ bound

bound states would hinder it.

* A reliable estimate of {lq
remains an open issue !

log1o(ma/TeV)
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First selection criterium

E. Nardi (INFN-ECNF) -'Redefining the axion window



First selection criterium

* We require that the Q are sufficiently short lived: t1q = 10 s.
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First selection criterium

* We require that the Q are sufficiently short lived: 1q = 10 s.

- Decays via d=4 operators are always
sufficiently fast.

— Decays via higher order operators

are fast enough only for d=5 and ‘:;_; of
mq = 800 TeV. =

1
d>4 d>4
£Qq — (QQq + h.c.

(d—4) :
MPlanck | LHC

2 4 6 8 10 12 14 16
logo(Mma/GeV)
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First selection criterium

* We require that the Q are sufficiently short lived: 1q = 10 s.

- Decays via d=4 operators are always 10 e

sufficiently fast.

— Decays via higher order operators

are fast enough only for d=5 and ‘:c:: of
mq = 800 TeV. =

1
d>4 __ d>4

(d—4) :
MPlanck | LHC

2 4 6 8 10 12 14 16
logo(Mma/GeV)

Therefore, "safe” R(Q) must allow for
gauge invariant d=4 or d=5 operators
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Second selection criterium
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Second selection criterium

» The new R(Q) should not induce Landau poles below 10!® GeV
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Second selection criterium

» The new R(Q) should not induce Landau poles below 10!® GeV

- Large Q multiplets can drive the gauge couplings towards a
non-perturbative regime, at uncomfortably low scales

d
w—q; = —b; g? b, = gauge -matter
dp
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Second selection criterium

» The new R(Q) should not induce Landau poles below 10!® GeV

- Large Q multiplets can drive the gauge couplings towards a
non-perturbative regime, at uncomfortably low scales

d
w—q; = —b; g? b, = gauge -matter
dp

0.020 —— ———

. . ’ SM + (27,100

Two-loop p functions help to avoid |
spurious results from accidental

cancellations in 1-loop p functions...

0.015-

R ,
T 0010
§

0.005 -

[Di Luzio, Gréber; Kamenik, Nardecchia, 1504.00359] 0000 s

log o (1/GeV)
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Phenomenologically preferred Q's

my 2.0 E
iy = ~ —1.92(4
97 TGV 1010 GeV (N 92 ))

Rq Oqq Al [GeV]| E/N
3,1,-1/3) |  O,dr ]9.3-10%(q1) | 2/3 E _ 2.q 95
(3,1,2/3) |  Quur |5.4-10%(g1) | 8/3 N > oT(Cq)
(3,2,1/6) Qrar 6.5-10%?(g1) | 5/3
(3,2,-5/6) | QrdrH' |4.3-10*"(g1)|17/3
(3,2,7/6) Q,urH |5.6-10**(g1) | 29/3
(3,3,-1/3) | QparH' |5.1-10%(g2) | 14/3
(3,3,2/3) | QpqH |6.6-10(g2) | 20/3
(3,3,-4/3) | Q.drH™ |3.5-10"%(g1) | 44/3
(6,1, -1/3) |Q 0, drG* | 2.3-10°"(g1) | 4/15
(6,1,2/3) Qo urG* |5.1-10%°(g1) |16/15
(6,2,1/6) |QrouwqrG* | 7.3-10%%(g1) | 2/3
(8,1,-1) |Q.0uerG" |7.6-10%*(g1) | 8/3
(8,2,-1/2) |QroulrG* | 6.7-10*"(g1) | 4/3
(15,1, —-1/3)| Q0. drG*" | 8.3-10%!(g3) | 1/6
(15,1,2/3) |Qr0umurG*” | 7.6-10%"(g3) | 2/3
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Phenomenologically preferred Q's

° Only 15 Q'S survive: ma 2.0 (E ))

= =~ 1.92(4
Jayy = oV 1010 GeV \ N (

Rg OqQq A2~ loop [GeV] E/N

Landau

(37 17 _1/3) @LdR 9.3 - 1038(91 /3

(3,1,2/3) Q ur 5.4-10%* (g1
Rg (3,2,1/6) QRrar 6.5 - 10%%(g
(3,2,-5/6) | QrdrH' [4.3-10°" (¢
(3,2,7/6) Q,urH |5.6-10%*(g1
(3,3,-1/3) | QrqrH' |5.1-10%(g2) | 14/3
(3,3,2/3) QrqrH 16.6-10%"(g2) | 20/3

)| 2/3
)
)
)
)
)
)
Ry 1(3,3,-4/3) | QpdrH™ |35-10"(g1) | 44/3
)
)
)
)
)
)
)

8/3
5/3
17/3
29/3

(6,1, -1/3) |Q 0, drG* | 2.3-10°"(g1) | 4/15
Q 16/15
2/3
8/3
4/3
1/6
2/3

(6,1,2/3) |Q0umurG* |5.1-10% (g1

(6,2,1/6) @RaquG“” 7.3-10%% (¢

|Gayyl/m, in 107"°/GeV eV

(
(
(8,1,—1) |QrouerG* | 7.6-10%(
(8,2,-1/2) | QroulrG*" | 6.7 -10%" (g1
(
(

(15,1, -1/3) | Q0w drG" | 8.3 - 10*! (g3
(15,1,2/3) |QLoumurG* | 7.6 -10°" (g3
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Redefining the axion window

10_8 JLLALL B LA AL L R AL B O AL RN R AL DO
107 Helioscopes =
1o-10 _CAST D
ol 5 o :
L 9 1axo e
O - i ]
QO 107" Halo . A E
— - . "usual" axion band :
'S B : y S B
T - i / :
10—14; ’ : _
107'° 5
—167 \ \muﬂ/\ W \!,K\JHM/ IR R Rt RS A T1T| A AT IT R ARl . \HH;

10°® 107 10° 10° 10* 10 102 107 1 10

M, [eV]
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Redefining the axion window

10_85 LT 1 11 1 1 11T A1 A1 O 4 D
- [Di Luzio, Mescia, Nardi (2016)] ]
107 Helioscopes -
10-10_CAST P /
o | 5 o
L 7 axo =
(05 10712 Halo '5
— - | i
o~ - : ’
fg 107" AD i -
— - .
1044; {/ | —
1071 |
—167 | ‘m7'"5"@"11[fmff"" .X\)HM/ AT R R R AT R R A T R R T| B R ATt . \HH;

10 107 10° 10 10 10° 102 10! 1 10

m, [eV]
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Redefining the axion window

1078

[Di Luzio, Mescia, Nardi (2016)]

SNEILE:

N
N

107 Helioscopes

N

N
b BY
N
N
N N N
N N
N AN
N \ ~
\ AN
Th S U

10710 CAST

107"

10712

10713

8ayy|[GeV ]

10714

1071°

.
.

’
Sl el

AN

.
W
47,
. IR N N N B R A B A N R EATT| B A R TI] B R WEnT]

-16

10 1077 10° 10 10 102 102 10! 1 10

m, [eV]
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More QQ representations
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More QQ representations

* What happens with Nq= 2 ?
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More QQ representations

* What happens with Nq= 2 ?

- Combined anomaly factor for Ry +R; @ =
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More QQ representations

* What happens with Ngq= 2 ?
E. Ey+ Fo

. 1 2 I
Combined anomaly factor for Ry +R5 N. N, + E,

 Strongest coupling (compatible with LP criterium) is obtained with

RSq ® R = (3.2.1/6)@(3.3,-4/3) =  E/N.=122/3
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More QQ representations

* What happens with Ngq= 2 ?
E. Ey+ Fo

. 1 2 I
Combined anomaly factor for R, +R;, : N. N, + E,

 Strongest coupling (compatible with LP criterium) is obtained with

RSQ ('B RWQ - (37 27 1/6) S¥ (37 37 _4/3) . EC/NC — 122/3

-Comple’re GXiOh-phOTOh decoupling (within theoretical errors) Can also occur

(6,1,2/3) @ (8,1, —1)

(3,3,—-1/3) ® (6,1,—1/3)
(3,2,-5/6) & (8,2,—1/2) }
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More QQ representations

* What happens with Ngq= 2 ?
E. Ey+ Fo

. 1 2 I
Combined anomaly factor for R, +R;, : N. N, + E,

 Strongest coupling (compatible with LP criterium) is obtained with

RSQ ('B RWQ - (37 27 1/6) S¥ (37 37 _4/3) . EC/NC — 122/3

-Comple’re GXiOh-phOTOh decoupling (within theoretical errors) Can also occur

(3,3,—1/3) & (6,1,—1/3)
(6,1,2/3) @ (8,1,—1) } E./N, = (23/12,64/33,41/21) ~ (1.92,1.94,1.95)
(3,2,—5/6) & (8,2,—1/2)
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More QQ representations

* What happens with Ngq= 2 ?
E. Ey+ Fo

. 1 2 I
Combined anomaly factor for R, +R;, : N. N, + E,

 Strongest coupling (compatible with LP criterium) is obtained with

RSQ ('B RWQ - (37 27 1/6) S¥ (37 37 _4/3) . EC/NC — 122/3

-Comple’re GXiOh-phOTOh decoupling (within theoretical errors) Can also occur

(3,3,—1/3) & (6,1,—1/3)
(6,1,2/3) @ (8,1,—1) } E./N, = (23/12,64/33,41/21) ~ (1.92,1.94,1.95)
(3,2,—5/6) & (8,2,—1/2)

My, 2.0 E.
- = Ze 1.92(4
97 T 6V 1010 GeV (NC ( )>

[ Theoretical error from NLO xPT
Grilli di Cortona et al., 1511.02867]
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1078

[Di Luzio, Mescia, Nardi (2016)]

4

b NEENE=:

N
N

107 Helioscopes

N

N
b BY
N
N
N\ N
N AN
N AN
N \ ~
N N
Th S U

10710 CAST

107"

10712

10713

8ayy|[GeV ]

10714

1071°

e e I
=161 Ay it Lecowd ool ol ol ol ol

10 1077 10° 10 10 102 102 10! 1 10

Mg [eV]
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1078

S 1 1 117 11 111 A 11| R I MM\ 2 =
- [Di Luzio, Mescia, Nardi (2016)] S F
107 Helioscopes =
10-10_CAST A
= o
N 9 axo X |
(05 1072
— - :
S~ B i
S 10713 i
20 E :
107
a5 ]
0 No=2 -
—167/'\/0\ \Mﬁl/'"":\":'L"f:\:l'ﬁlm"' .\’\JH\M/ YT Y Y1 A T A A M A A \HH;

10® 107 10° 10° 10™* 10 102 100 1 10

m, [eV]
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Conclusions

* The axion hypothesis provides a well motivated BSM scenario

* Theoretical developments are still ongoing

* Healthy and lively experimental program
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Conclusions

* The axion hypothesis provides a well motivated BSM scenario
- solves the strong CP problem

- provides an excellent DM candidate

- it is unambiguously testable by detecting the axion

* Theoretical developments are still ongoing

* Healthy and lively experimental program
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Conclusions

* The axion hypothesis provides a well motivated BSM scenario
- solves the strong CP problem

- provides an excellent DM candidate
- is unambiguously testable by detecting the axion

* Theoretical developments are still ongoing

- reduce hon-perturbative QCD uncertainties, especially on gayy and foq
- limit theoretical uncertainties due to "model building”

- understand why U(1)rq is of the required extremely good quality
* Healthy and lively experimental program
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Conclusions

* The axion hypothesis provides a well motivated BSM scenario
- solves the strong CP problem

- provides an excellent DM candidate

- is unambiguously testable by detecting the axion

* Theoretical developments are still ongoing

- reduce non-perturbative QCD uncertainties
- reduce theoretical error due to "model building”

- understand why U(1)rq is of the required good quality
* Healthy and lively experimental program
- experiments are entering now the preferred window for the QCD axion
- new ideas are being put forth (CASPEr, Xenon e recoil, super-radiance)
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Conclusions

* The axion hypothesis provides a well motivated BSM scenario
- solves the strong CP problem

- provides an excellent DM candidate

- is unambiguously testable by detecting the axion

* Theoretical developments are still ongoing

- reduce non-perturbative QCD uncertainties
- reduce theoretical error due to "model building”

- understand why U(1)rq is of the required good quality
* Healthy and lively experimental program
- experiments are entering now the preferred window for the QCD axion
- new ideas are being put forth (CASPEr, Xenon e recoil, super-radiance)

* Here: axion window defined through precise pheno requirements.
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Backup slides
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Unificaxion ?

* Some Q’'s might improve gauge coupling unification  [Giudice, Rattazz, Strumia, 1204.5465]

- out of all our |5 cases, just one works fine: Q ~ (3,2, 1/6)

10910 (1/GeV)
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Unificaxion ?

* Some Q’'s might improve gauge coupling unification  [Giudice, Rattazz, Strumia, 1204.5465]

- out of all our |5 cases, just one works fine: Q ~ (3,2, 1/6)

* Conceiving a UV model remains, however, a challenge

- Q € Ygurt

- mqQ § fa <L Mgur

PQ,GUT| =0 "‘""“b Mypgur = O(fa)

- a complete GUT multiplet doesn't help !
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Experimental axion searches

* Many different ways to search for axions:
- Haloscopes (axion DM)
- Helioscopes (axions from the Sun)
- Astrophysical bounds

- New ideas...

E. Nardi"(INFN-ENF)"-"Redefining the axion window



Haloscopes

* Look for DM axions with a microwave resonant cavity [Sikivie (1983)]

— exploits Primakoff effect: axion-photon transition in external
static E or B field

VAN, = = = - - a
1 ~
EaW:_Z‘anaF'FzgawaE'B WE

— power of axions converting into photons in an EM cavity

Pa
PCL — ngfynyBOQm_Qeff

- resonance condition: need to tune the frequency of the EM cavity
on the axion mass
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Haloscopes

* ook for DM axions with a microwave resonant cavity

- Axion Dark Matter eXperiment (ADMX) (U. of VWashington)

—_

(@]
-
o

. \\\\\White Dwarf and Sugernqva Bounds A\ NN\

—
o
S\

—_

o
-
IS

—

o
-
(&)

3
>
T

Axion Coupling (g, | (GeV'1)

10 100 1000
Axion Mass (ueV)

[ADMX Collaboration, 0910.59 14 ]
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Helioscopes

* The Sun Is a potential axion source

X-ray optics

I I I 1
||||||||||

||||||||||||
||||||||||
|||||||||||
||||||
||||||||||||

______________
|||||||

o
T T T T T T T

~

1]

]

)

]

)

Q
11 11
11 11
11 11
11 11
11 11
11 11
11 11
\AAA A

'
h
f~—o ]
S5 >
=
s
==
==
S
s>
s>
s>
—

Axion flux[ 1 0"cm s ke Vl]
- N W D U1 O

& \ X-
ray detectors Axion energy [keV]

T Shielding

Movable platform

- macroscopic B-field can provide a large coherent transition rate over a big volume
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Helioscopes

* The Sun Is a potential axion source

@10'9_ T T T TTTI T T T T T T T T TTO
> - =
& - CAST “He & He 7

5oL

1010 CASTphasel -~ ... .9 |
101 =

- |IAXO ]

I

10712 | Ll Lol [ R B A

107 10 107! 1

maxion (CV)

[IAXO “Letter of intent”, CERN-SPSC-2013-022]
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Axion couplings to photons

e Axion mass

2 £2
2 __ Ty 1 m?‘(’fﬂ' f']‘(‘ 109 GeV
m;, = (s - g P2 My mwﬁ ~ 6 meV 7
Qern, | B 2 4dmg + my, My, 2.0 E
o _ - _ — _1.92(4
Jary 27 £, [N 3 md+mu] eV 1010 GeV (N ( ))
EM anomaly long distance QCD
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EDM of the neutron

* Estimate from the nucleon-pion effective lagrangian

Lann = 0 (iﬁff)g?r!\ff‘v’ T g‘JTNN) T W

e NN = 13.4
21, Ty = ~ é
O = 3 : - M= — My)0 ~ 0.048 Ul B
TN = g+ mg) e M) VR
Ganin | rNN
o
[Crewther et al. (1979)] m' proton ‘E‘;n\
rm m —
dy = ET%%NN'%NN n N — (5.2 x 10710 . cm) vl
[dn| < 2.9 x 10~%6¢ - cm 9 <1010
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A threat to the PQ solution

* “Folk's theorem™ on the non-existence of global symmetries in guantum gravity

- global charges can be eaten by black holes, which may subsequently evaporate

[Bekenstein (1972), Zeldovich (1977)]
* Parametrizing explicit breaking by effective operators:

Q" SSB fr
OP/)Q — kAn—ZL — |k|An—4

cos(na + arg k),

[Kamionkowski, March-Russell (1992), Holman et al. (1992), Barr, Seckel (1992)]

-for A=mp; and f =107 GeV :

<107 — n>10
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Axion couplings at low energy

e AxiON Mass
fr 10 GeV

My = Mye— =~ 6 meV

fa fa

* Axion couplings

gl q l
1 Caryy 1 a iy 1 a :
— a----- — - -----caiys — Q----- ColY5
Jfa Ja N Ja

Y q /

photons hadrons leptons

- the lighter the axion, the more weakly interacting
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